I -INTRODUCTION
In recent years it has been shown that the geometric confinement of electrons and holes in semiconductorquantum-well structures strongly modifies the optical properties in comparison to bulk semiconductors and leads to somewhat enhanced optical nonlinearities in multiple-quantum-wells. These observations stimulated the interest in so-called "quantum dots", i.e. semiconductor microstructures of a radius which is comparable to. or smaller than the exciton Bohr radius in the corresponding bulk material. In contrast to the quantum wells, where the electron-hole motion is restricted only in one spatial dimension. the quantum dots provide confinement in all spatial degrees of freedom. These features are expected to enhance the optical nonlinearities in semiconductor microcrystallites making them interesting not only from the physics point of view but also for possible device applications.
To characteri~e'.~ the different size regimes of semicondcutor microstructures, one uses the Bohr radii of the excitons ( a , , ) , electrons (ae) and holes (ah), respectively, in comparison to the radius R of the quantum dot.
Here E, denotes the background dielectric constant of the semiconductor material and p is the reduced mass of the electron-hole-pair. Confinement takes place when one of these radii is comparable to or larger than R. In the present work. we are especially interested in the so-called moderate confinement regime, ah < R < a,, where only the electrons are quantum-confined and the much heavier holes move in the Coulomb field of the ,average electron charge. Since the lowest energy states for an ideal quantum-confined system are di~crete,'.~ we compute the lowest-order optical nonlinearities, X , including only zero-, one-, and two-pair states. For comparison, we also present the third-order susceptibility for the regime of strong quantum confinement. where the Coulomb interaction between the electrons and holes can be ignored in comparison to the confinement energy.'
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In rotating-wave-approximation for the dipole interaction between light field and matter, third-order perturbation theory yieldsS Here. 7 is the linewidth. Rw, = El -R o and Rw, = E, -2Ro, with El and E, being the energies of the lowest one-pair and two-pair states. respectively. The coefficients A and B are given in terms of the matrix elements of the dipole operator between the zero-, one-and two-pair states4 If one treats the electron-hole pair as a true boson, E, = 2E1, and D = 2A2, causing x3 to be identically zero. However. in the moderate confinement regime this approximation is not valid. The Fermi nature of the constituent particles (electrons and holes) becomes important and the ener,gy structure is modified by the confinement.
To solve the eigenvalue problems for one and two electron-hole pairs we make a series of approximations.
In the moderate confinement regime the electron motion is assumed to be determined only by the crystallite boundaries (strongly confined electrons). In this case the electron state is the groundstate of a non-interacting particle in a sphere. The one-and two-pair problems reduce to solving the Schrijdinger equations for the motion of a single hole in the average potential of a single electron, and for the motion of two mutually repulsive holes in the average potentral of two electrons, respectively. However, due to the presence of dielectric surface charges, the Coulomb interaction potential between electrons and holes inside the microcrystallite is m~dified.~ Taking these effects into account, we obtain approximate solutions generalizing the treatment of a single electron- 
-RESULTS AND DISCUSSION
Our most striking resullt for the regime of moderate quantum confinement is that the energy E, of the state with two electron-hole pairs turns out to be larger than twice the energy El of a single pair. Hence, in contrast to the case of bulk semiconductors, in microcrystallites the "biexciton" state is higher in energy than twice the "exciton" state. This feature is a direct consequence of the combined Coulomb interaction and quantum confinement which is not simply additive for more particles in the same volume. As a consequence of the confinement, the two-sdectron-two-hole complex cannot rearrange itself to reduce the repulsive forces between the two holes leading to a net increase of the total energy. In Fig. 1 we present the computed third-order optical susceptibility for the regime of moderate quantum confinement as function of the normalized detuning (Rw -El)/ER for different linewidths 7. In addition to the saturation of the one-photon transition at El, we see In the regime of strong quantum confinement one may ignore the Coulomb interaction between electrons and holes.' Consequently one can easily calculate the full nonlinear optical ~usceptibility.~ since the energetically lowest optical transition of the semiconductor in this case is essentially that of a two-level system. For comparison we present in Fig. 2 the numerical evaluation of the third-order susceptibility for the same parameters used in Fig. I. Fig. 2a shows that the imaginary part of X, is strictly negative and resonates at the one-photon transition energy El indicating the saturation of the one-pair resonance. The real part of xs in Fig. 2b shows the simple dispersive structure corresponding to the saturating absorption in Fig. 2a In conclusion, our results show that semiconductor microcrystallites with strong or moderate quantum confinement should exhibit large optical nonlinearities for sufficiently small line broadening.
